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ABSTRACT
On Friday night, September 6, 1996 a sudden roof fall occurred in the Ljubelj Tunnel. A site visit showed that part of the tunnel's
inner lining had scaled off but that the global stability of the tunnel was not threatened. An investigation program was defined with
the aim of determining the causes for the fall. The program was agreed to by the Owner of the Tunnel. It provided the following
results:
1. The scaling off of the inner lining appeared to be due to large differences in the thickness of the inner lining and to the varying
mechanical properties of the concrete.
2. The varying mechanical resistance of the concrete could be ascribed partly to poor construction technology, and partly to
mechanical degradation (freezing and thawing) and chemical corrosion of the concrete, caused by an aggressive atmosphere and
continuous water percolation.
On this basis of the above findings, a remediation project was prepared in which the ·works were split into two parts, with the
following objectives:
• Stage I - to achieve a temporary solution for a quick partial reopening of the tunnel by bolting wire mesh systematically over the
inner lining and into the outer lining,
• Stage 2 - to perfonn the final remedial works, as a permanent solution, by the constmction of a new inner lining inside the
existing one.
KEY\VORDS
Old tunnel remedial works, concrete deterioration, concrete lining failure investigation, concrete compressive strength, inner lining
thickness.

INTRODUCTION
The Ljubelj Tunnel, which connects Slovenia and Austria
together beneath a 1500 m high mountain range, was
excavated during World War II by concentration camp
prisoners. The tunnel is 1500 m long, and runs at l 050 m
above sea level. The rock through which the tunnel passes
consists, in the Slovenian part of the tunnel, mostly of
Schlem dolomite (an aquifer) and in the last 100 m of dark
gray limestone and marl. The Slovenian part of the tunnel is
684 m long. The tunnel was excavated by blasting and
originally supported in some places by a concrete lining. Two
decades later the whole tunnel was lined by concrete.
On Friday night, September 6, 1996 a sudden roof fall
occurred from a height of 6.0 - 7.5 mat a tunnel chainage of
390 m. Part of the concrete lining fell onto a passing car,
injuring one person. The tunnel ·was immediately closed and
the experts for remedial works were called to the site.

The Slovenian National Building and Civil Engineering
Institute was involved in the project as an independent
institution, perfom1ing quality control tests on the
remediation works and providing the Owner with all
necessary technical advise.

THE TUNNEL INVESTIGATION PROGRAM
The site visit showed that some 18 m2 of the inner tunnel
lining, with a thickness of 7 to 23 cm, had scaled off the roof
and that further roof falls were imminent in the near vicinity.
The first step was to remove the part of the lining still
threatening to fall and to begin detailed mapping of the lining
cracks and wet zones over the whole tunnel length on the
Slovenian side. In this way, one more location where further
roof falls could be expected was detected, and a plan for
further site investigations was made (a layer of asbestos
which had been soraved onto the linin2 to reduce the hi2h
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level of noise in the tunnel seriously hindered the mapping
work).
The tunnel investigation plan included the following
elements:
- assembly of all existing data about the construction of the
tunnel and its maintenance (very few such data were
available)~
- detailed mapping of the drainage system and water
sampling;
- drilling of 40 boreholes through the lining into the rock at 8
transverse profiles, with 100 mm diameter core sampling; the
situation of the profiles is shown in Fig. l, and the
arrangement of the boreholes in Fig. 2;
- laboratory testing of compressive and tensile strength on
samples to be taken from the cylinders drilled from the
concrete lining~
- laboratory analysis of the mineralogical and chemical
properties of the concrete samples;
- non-destructive georadar testing of the lining at 12 Ground
Probe Radar Profiles along the whole Slovenian tunnel length
in order to find other possibly ha7.ardous zones in the tunnel.
The owner of the tunnel, Slovenia's National Road
Administration agreed to the proposed program with the
exception of the gcoradar measurements, which were
considered to be too time consuming, (though the results of
preliminary measurements were very promising) and the
investigation program was completed within 3 weeks. During
these operations, the tunnel was completely closed.
AUSTRIA

The results of the thickness measurements showed large
variations in the thickness of the inner lining. The greatest
variation was revealed at Profile 2 (near the damaged
section), where the minimum measured thickness was 9 cm
and the maximum 21 cm, and at Profile 5, where the
maximum measured thickness was found to be 29 cm. On the
basis of all 40 measurements the statistically determined
thickness of the inner lining was 10.7 cm, which is much less
than the value of 16 cm required by the original design. The
thickness of the fallen part of the inner lining varied even
more, from 7 to 23 cm. A global picture of the measured
values showed that the thickness of the inner lining was much
greater in the left part than in the right part of the tunnel,
which is where the roof fall occurred.
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Fig. 2 Situation of the boreholes in the tunnel profile

The compressive strength of the concrete
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Fig. 1 Situation of the profiles for the investigation program

SOME RES ULTS OF THE INVESTIGATION PROGRAM
Core samples, taken from the above mentioned boreholes
were first transported to the laboratory, where they were
marked off and photographed. Immediately after this they
were carefully examined and mapped. Samples for laboratory
strength tests and mineralogical analysis were then taken,
according to the test program.

The thickness of the inner lining

Visual examination of the concrete cylinders showed that the
concrete structure was very porous and non-homogenous.
Large variations were observed in aggregate type and size.
too. The compressive strength of the concrete of the inner
lining (calculated with reference to a 20 cm cube) varied from
10.2 to 50.6 MPa. The average compressive strength,
determined from the results of tests carried out on 38
specimens, was 18.3 MPa, which is somewhat greater than
the design value of 16 MPa. An overview of the concrete
compressive strength shows that the lower values are mostly
situated in the middle and the left part of the inner lining.
Upon examining the product of compressive strength and
lining thickness throughout the investigated tunnel length, it
was found that the weakest part of the inner lining was
between chainages 400 to 500 m, around chainage 600 m with the smallest values situated in the right and upper part of
the tunnel - and around chainage 200 m - \\ith the smallest
values situated in the left part of the tunnel. The results are
shown in Fig. 3.
The compressive strength of the concrete of the outer lining
varied much more than that of the inner lining, which is the
result of the very porous and non-homogenous concrete
stmcture of the former. In the most cases this compressive
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strength was determined from results corresponding to the
inner part of the outer lining, some 50 cm deep inside the
boreholes. Whenever the thickness of the outer lining was
found to be greater than 50 cm, additional specimens were
taken from the middle or towards the outer part of the outer
lining. Samples were taken from all types of concrete,
detected in the cores: from very homogenous to
inhomogenous and porous ones. The evaluated concrete
strengths varied between 7.3 and 104.2 MPa. The distribution
of compressive strength values for the inner and outer linings
is shown in Fig. 4.
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Fig.3: Diagram showing how the product of inner lining
thickness and concrete compressive strength varied along the
tunnel
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Fig. 4 Distribution of concrete compressive strength for the
inner and outer lining

The tensile strength of the concrete
The tensile strength of the concrete was dctem1incd by
subjecting specimens of the concrete cylinders to the
Brazilian test. The specimens were taken from locations in
the outer lining, close to the contact with drainage layer,
where most of the expanding heads of GD bolts, foreseen for
the first step of remedial works were to be fixed. Their role
was to fix the unstable inner lining to the outer lining.
The average tensile strength of the 26 tested specimens was
2.6 MPa, with a standard deviation of 1.1 MPa.

SUMMARY OF THE RESULTS OF TIIE INVESTIGATION
PROGRAM
On the basis of the investigation carried out, the following
results were established:
1. The tunnel consists of two concrete linings: an outer
lining, which was found to be 31 to 107 cm thick, having
a good contact with the surrounding rock (the contact was
scaled) and an inner lining, whose thickness varied from
9 to 33 cm;
2. Between the two linings there is a drainage system,
consisting of channels made in porous ceramic, 4.5 cm
thick, running in transverse strips along the whole length
of the tunnel;
3. The contact surface between the drainage layer and the
inner lining were covered by a waterproofing layer, which
prevented any satisfactory contact between the inner and
outer linings;
4_ Owing to the good functioning of the draining system,
there was no elevated water pressure behind the inner
lining;
5. The roof fall occurred in the inner lining, and reached
only to the contact with the drainage layer; so it had
nothing to do with the stability of the tunnel;
6. Both of the concrete linings were found to be highly
irregular regarding their thickness and the nonhomogeneity of the strength of the concrete of which they
were made; both linings were also considerably
deteriorated in some parts of the tunnel;
7. The water in drains was not, according to the relevant
DIN standard (4030), aggressive to concrete and
deterioration of the concrete (sec Fig. 5) was ascribed to
the action on the inner lining of humidity and of the
corrosive tunnel atmosphere, as well as to the effects of
freezing and thawing. Reasons for deterioration can also
be sought, to some extent, in the construction technology
of the time when the tunnel was originally built, which
pcnnitted high concrete porosity. The last reason for
concrete deterioration involves long-term percolation of
water through the porous concrete, during which calcium
carbonate was leached off (this was proved by the higher
alkalinity of the water coming through the lining), thus
forming calcium carbonate sediments on the tunnel walls,
as registered by the tunnel mapping;
8. On this basis the roof fall was ascribed to the porosity and
heterogeneity of the concrete of the inner tunnel lining, to
the lining's varying thickness, and to the concrete's
varying mechanical properties.

THE SOLUTION
In accordance with the results cited above and due to the fact
that the tunnel had to be reopened within the space of the
shortest possible time (the Karavanke motorway tunnel which
passes through the same mountain range was undergoing
remedial works at the same time), the National Road
Administration decided to split the remedial works into two
parts:
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- In the first part, to achieve temporary stability of the inner
lining for a period of 6 months,
- In the second part, to provide a permanent solution with a
new concrete lining under the protected area by the middle of
1997.
The first part of the remedial works began immediately during the execution of the investigation program. It
consisted of the protection of the inner lining by means of
wire mesh which was pinned to the outer lining using GD
bolts, 40 - 60 cm long, at distances of 1.5 x 2.0 m. The mesh
used was type Q196, whereas the bolts with expanding heads
had a tensioning strength of 26 kN. It had at first been
foreseen that the bolts would have a higher bearing strength
(60 kN), but the poor quality of the concrete of the outer
lining into which the bolts had to be fixed imposed this
solution, with a greater density of bolting than had been
originally foreseen. The tensioning force of the bolts was
tested systematically and satisfactory results were obtained.
The tunnel was reopened to traffic on October 18, 1996, 32
days after the roof fall had occurred.

the strengthening of the old tunnel foundations was
accomplished by the end of June 1997, and today the tunnel is
opened to traffic under normal working conditions.

Fig. 6 View of the tunnel after the first phase of the remedial
work

CONCLUSIONS
In conclusion, the authors wish to state that, in their opinion,
only a well defined investigation program, prepared at the
right time, can provide the right solution to problems such as
the one described in this paper. As a basis for this, the use of
all available bibliographical data, which are sometimes
difficult to access, is of the utmost importance.
Statistical analysis of the results obtained from the core
drilling has provided clear evidence of what was intuitively
felt to be the reason for the roof fall in the tunnel.
The remedial steps described in this paper have already been
taken, and it can be said that the whole procedure has been
accomplished successfully within the foreseen time schedule.
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